The loss of dopaminergic innervation of the basal ganglia, a group of subcortical regions involved in motor control, is the hallmark of Parkinson's disease. The resulting molecular and cellular alterations mediate behavioral deficits and may modify neuronal responses to other neurotransmitters. In the present study, we sought to determine the effects of chronic dopamine (DA) depletion on responses mediated by stimulation of serotonergic 2C (5-HT 2C ) receptors, a serotonergic receptor subtype present in discrete regions of the basal ganglia. Specifically, the effects of unilateral lesions of nigrostriatal DA neurons on oral dyskinesia and Fos protein expression induced by the non-selective 5-HT 2C agonist 1-(m-chlorophenyl)piperazine (m-CPP) were examined.
Parkinson's disease is characterized by the progressive loss of nigrostriatal dopaminergic neurons. Numerous studies have demonstrated long-term consequences of dopamine (DA) depletion on GABAergic and glutamatergic functions in the basal ganglia (Chesselet, 2000) . However, much less is known about the effects of nigrostriatal lesions on serotonergic function.
Serotonergic neurons innervate all regions of the basal ganglia and act on several receptor subtypes (Azmitia and Segal, 1978; Barnes and Sharp, 1999) . Serotonergic 2C (5-HT 2C ) receptors are of particular interest because they are known to mediate oral dyskinesia (Stewart et al., 1989; Eberle-Wang et al., 1996) , a side effect of prolonged administration of either dopamine antagonists or L-3,4-dihydroxyphenylalanine (L-DOPA), the main treatment of Parkinson's disease (Tarsy and Baldessarini, 1984; Chase et al., 1994; Ebabi and Srinivasan, 1995) . Indeed preclinical and clinical studies suggest that increased serotonin (5-HT) transmission plays a role in dyskinesia (Meltzer and Nash, 1991; Melamed et al., 1996) and that drug acting at 5-HT 2C receptors may be useful in Parkinson's disease and schizophrenia (Roth et al., 1992; Ikeguchi and Kuroda, 1995; Fox et al., 1998) .
5-HT 2C receptors are present in the striatum, the substantia nigra pars reticulata (SNr), the internal segment of the globus pallidus (GP) [entopeduncular nucleus (EPN) in rats], and the subthalamic nucleus (Pazos et al., 1985; Eberle-Wang et al., 1997; Pasqualetti et al., 1999; Clemett et al., 2000) . Evidence indicates that 5-HT 2C receptors contribute to the regulation of dopaminergic neurons (Trent and Tepper, 1991; De Deurwaerdère and Spampinato, 1999) . However, dopaminergic neurons do not express 5-HT 2C receptor mRNA (Eberle-Wang et al., 1997; Pasqualetti et al., 1999) , suggesting that this effect is indirect. In contrast, electrophysiological, biochemical, and behavioral data showed a direct influence of 5-HT 2C receptors on GABAergic neurons of the striatum and the substantia nigra pars reticulata (El Mansari et al., 1994; Rick et al., 1995; Fox et al., 1998) and on glutamatergic neurons of the subthalamic nucleus (Eberle-Wang et al., 1996) .
To understand the functional consequences of the loss of dopaminergic neurons, as occurs in Parkinson's disease, it is important to elucidate how chronic alterations in dopamine levels alter neuronal responses to remaining neurotransmitters. Behavioral experiments have revealed that lesions of dopaminergic neurons in neonates dramatically increase the response to the nonselective 5-HT 2C agonist 1-(m-chlorophenyl)piperazine (m-CPP) in adult rats . However, it is unclear whether this potentiation is the consequence of a supersensitivity to 5-HT agonists occurring only in rats with a neonatal lesion (El Mansari et al., 1994; Kostrzewa et al., 1998) or whether behavioral or cellular responses to m-CPP are also altered by nigrostriatal lesions in adults.
In the present study, we sought to determine whether a unilateral lesion of the nigrostriatal dopaminergic pathway in adult rats, a model of Parkinson's disease, alters the ability of m-CPP to (1) induce oral movements in rats and (2) induce the expression of Fos protein, the product of the immediate early gene c-fos, a tool for exploring neuronal responses in discrete brain regions.
MATERIALS AND METHODS
Surgeries. All procedures were performed on male Sprague Dawley rats (Charles River Laboratories, L os Angeles, CA) in accordance with the National Institutes of Health Guide for the C are and Use of Laboratory Animals and were approved by the local animal care committee. Before any surgery, rats (250 -275 gm) were maintained on a 12 hr light /dark schedule with food and water available ad libitum.
Lesions of the dopaminergic neurons located in the substantia nigra pars compacta (SNc) were performed as described previously (Delfs et al., 1995) . Briefly, rats were anesthetized with equithesin (prepared as per the instruction of Janssen-Salbutry Laboratories, Kansas C ity, MO) and placed in a stereotaxic frame (David Kopf Instruments, T ujunga, CA). The tip of the injector was stereotaxically implanted in the left substantia nigra pars compacta [anteroposterior (AP), 3.4; lateral (L), 1.8; ventral (V), 2 with respect to interaural zero] (Paxinos and Watson, 1986) . Eight micrograms (free base) of 6-hydroxydopamine (6-OH DA) (Sigma, St. L ouis, MO), dissolved in 4 l of NaC l containing 0.1% ascorbic acid, were administered through the cannula over 4.50 min, and the cannula was left in place for 5 min after the injection before being slowly removed. Rats were pretreated 30 min before the 6-OH DA inf usion with 25 mg / kg desipramine to protect noradrenergic projections. Rats given "sham" lesions received an injection of desipramine, followed by vehicle only into the substantia nigra.
Three weeks after inf usion of 6-OH DA or its vehicle in the SNc, rats were screened for the completeness of the lesion by subcutaneous injection of 0.05 mg / kg apomorphine. Rats with nigrostriatal lesions that did not show at least 100 rotations during 30 min after apomorphine injection were excluded from the study. Sham-lesioned rats also received the apomorphine injection but, as expected, did not show any rotational behavior.
In experiments requiring local inf usion into the subthalamic nucleus, rats were anesthetized with equithesin 2 weeks after the intranigral administration of 6-OH DA or its vehicle and placed in a stereotaxic frame. The guide cannula (22 gauge inner diameter; Plastics One Inc., Roanoke, VA) was stereotaxically positioned such that the tip of the injector was located at the following coordinates: AP, 5.1; L, 2; V, 2.1 corresponding to the left subthalamic nucleus relative to the interaural zero (Paxinos and Watson, 1986) . The guide shaft was secured to the skull with dental resin (SNAP; Parkell, Farmingdale, N Y) and anchored to stainless steel mounting screws placed in the skull. After this surgery, rats were housed individually.
Injectors used during the course of this study were constructed from commercially available dummy and internal cannulas (Plastics One Inc.), as described previously (Parry et al., 1994) . Briefly, an injector was prepared by threading a 35 cm piece of f used silica (outer diameter of 150 m; inner diameter of 73 m) through a 28 gauge internal cannula such that a 1 mm tip of fused silica extended from the end of the cannula shaft. The f used silica portion of the injector was sheathed up to the internal cannula in polyethylene-50 tubing, and all junctions were secured with epoxy.
Behavioral testing. Rats were exposed to the behavioral room conditions before the testing day to facilitate their adaptation to transportation and to the behavioral room. On the day of behavioral testing, each rat was placed in clear circular plastic chambers (12 inches in diameter; 18 inches in height). After a 1 hr adaptation period and immediately before the onset of behavioral observations, the 5-HT agonist m-CPP or its vehicle were administered either systemically (intraperitoneally) or locally into the subthalamic nucleus.
Details of the procedure for microinf usion into the subthalamic nucleus have been described in previous reports (Parry et al., 1994) . The awake rats were gently hand-held, and m-C PP or its vehicle were inf used directly into the subthalamic nucleus via an injector placed within the surgically implanted guide cannula. A total volume of 0.1 l was inf used over 54 sec. The injector was left in place for an additional 60 sec to allow diff usion of the drug away from the injector tip.
After either type of drug injection, the rats were returned to the testing cage and observed continuously for 60 min for bouts of orofacial movements. The number of oral bouts/60 min was quantified by an observer blind to the drug schedule administration. Oral activity was defined as vacuous chewing, jaw tremors, and tongue darting that occurred without any reference to an evident physical material. Thus, oral activity occurring with feeding, grooming, licking, or sniffing was not counted. Moreover, an interval of 2 sec without oral activity was required to consider the oral bout f ully terminated. The duration of each oral bout was not measured (Parry et al., 1994; Eberle-Wang et al., 1996; Mehta et al., 2000) .
Pharmacolog ical treatment. All experiments assessing the effect of m-C PP on oral movements or on Fos expression started 4.5 weeks after the lesion of DA neurons and were done during the diurnal portion of the day. In the case of systemic injection, rats with sham or 6-OH DA lesions were given only one injection (m-C PP or saline). After the 1 hr period of behavioral testing, rats were returned to their cages. T wo hours after m-C PP or saline injection, rats were anesthetized and perf used with 4% paraformaldehyde solution (see below) for Fos and tyrosine hydroxylase (TH) immunohistochemistry.
In the case of local administration of m-C PP into the subthalamic nucleus, doses of m-C PP (0, 0.2, 0.5, and 1 g /100 nl) were injected in a counterbalanced order over a 4 week period (1 week interval between injections), such that, at the completion of testing, most rats had received all doses of m-C PP in a random order. Some rats (three of eight rats in each of sham and 6-OH DA-treated groups) lost their head block during the course of the study and, consequently, did not receive all doses. Considering the random design of the pharmacological treatment, results from these rats were included. At the end of the entire experiment, rats were anesthetized and perf used for TH immunohistochemistry experiments and verification of cannula placement into the subthalamic nucleus.
Immunohistochemistr y. Rats were deeply anesthetized with equithesin and perf used transcardially with 0.1 M PBS, pH 7.4 (at 37°C), followed by ice-cold 4% paraformaldehyde in 0.1 M sodium phosphate buffer (PB). Brains were removed, post-fixed for 2 hr in the same fixative, and sunk in 30% sucrose at 4°C. Brains were then frozen in cold isopentane (approximately Ϫ35°C) and stored at Ϫ80°C. Forebrains were cut at 40 m on a cryostat (C M1800; Leica, Nussloch, Germany) in the coronal plane. Sections through the striatum, GP, EPN, subthalamic nucleus, and substantia nigra were collected in PBS (0.1 M, 4°C), placed in cold cryoprotecting solution containing phosphate buffer (0.05 mM), glycerol (50% v/ v), sucrose (8%), and MgC l 2 (1 mM), and stored at Ϫ24°C pending Fos or TH immunohistochemistry. A Nissl staining was performed on adjacent sections for identification of structures.
After four washes in 0.1 M PB, pH 7.4, at room temperature, sections were incubated in 5% normal goat serum with 0.2% Triton X-100 and then transferred to 1% normal goat serum containing anti-Fos rabbit polyclonal antibody (1:20,000; PC38; Oncogene Science, C ambridge, M A) for 40 hr at 4°C. After six washes in 0.1 M PB (5 min each), sections were incubated during 1 hr in 0.1 M PB containing 1% normal goat serum and biotinylated goat anti-rabbit IgG (1:200; Vector Laboratories, Burlingame, CA). After washes (three times in 0.1 M PB), sections were incubated in avidin-biotin-peroxidase complex (1 hr; Vector Laboratories) for subsequent staining with 3,3Ј-diaminobenzidine (0.05% w/ v; Sigma) in 0.1 M PB containing 0.003% H 2 O 2 (Sigma). Sections were finally washed three times in 0.1 M Tris buffer, pH 7.4. The specificity of the immunostaining was assessed by omission of the primary or the secondary antibody from the protocol. After processing, tissue sections were mounted onto gelatin-alum-coated slides, dehydrated in ascending concentration of ethanol, and coverslipped with Eukitt mounting medium (C alibrated Instruments, Hawthorne, N Y).
For TH immunolabeling, 40-m-thick midbrain sections were incubated in 5% normal goat serum with 0.3% Triton X-100 in 0.1 M PBS and then transferred to 2% normal goat serum containing anti-TH rabbit polyclonal serum (1:5000; AB151; Chemicon, Temecula, CA) for 72 hr at 4°C. After four washes in 0.1 M PBS (10 min each), sections were incubated during 1 hr in 0.1 M PBS containing 2% normal goat serum and biotinylated goat anti-rabbit IgG (1:200, Vector Laboratories Inc., Burlingame, CA). Subsequent steps were similar to that described above for Fos immunolabeling.
Verification of cannula placement. Fifty-micrometer-thick sections were cut through the subthalamic nucleus and stained with cresyl violet for verification of cannula placement within the subthalamic nucleus. Only data from rats in which accurate cannula tract was verified were retained for analysis. Representative tissue sections depicting cannula placement have been published previously (Parry et al., 1994; Eberle-Wang et al., 1996) .
Data anal ysis. Before quantitative analysis, sections were viewed at a low magnification, and anatomical regions were outlined based on Nissl staining in serially adjacent sections. T wo sections per region were analyzed, except for the SNr in which four sections were analyzed. The total surface area tissue area examined in this way did not differ between groups and was approximately as follow: subthalamic nucleus, 0.17 mm 2 ; SNr, 0.7 mm 2 ; EPN, 0.25 mm 2 ; GP, 0.3 mm 2 . As reported previously (Rouillard et al., 1996) , the striatum has been analyzed in four quadrants (ϳ0.5 mm 2 each) corresponding to dorsomedial striatum, ventromedial striatum, dorsolateral striatum, and ventrolateral striatum at the level of the central striatum (approximately AP, 9.2 and 8.8 from interaural level according to the atlas of Paxinos and Watson, 1986) . Selected areas were observed under a light microscope (Axioscope 9500) equipped with 20ϫ or 40ϫ bright-field objective. The distribution of immunoreactive cells was examined and counted on each side of the brain. Data in two to four sections per structure were averaged for each rat, and the mean Ϯ SEM of these values were calculated for each group on each side of the brain (six to eight rats per group).
Drugs. The neurotoxin 6-OH DA hydrobromide (Sigma) was prepared in saline containing 0.1% ascorbic acid. The noradrenaline uptake inhibitor desipramine hydrochloride (Sigma) was prepared in injectable water and administered in a volume of 2 ml / kg body weight. m-C PP (Research Biochemicals, Milwaukee, W I) was diluted (calculated as free base) in NaC l 0.9% and injected in a volume of 1 ml / kg body weight in the case of peripheral administration. Apomorphine (Sigma) was dissolved (calculated as free base) in saline containing 0.01% ascorbic acid and injected subcutaneously in a volume of 1 ml / kg body weight. The pH of final solutions for all drugs and vehicle was neutral.
Statistical anal ysis. Oral bouts were quantified during each 10 min period for 60 min, and results are expressed as the mean Ϯ SEM. Data were analyzed by a two-way ANOVA, considering the lesion of DA neurons (pretreatment) and m-C PP (treatment) as the main factors. When a significant interaction was found ( p Ͻ 0.05), indicating that the effect of the treatment is modified by the pretreatment, this first statistical analysis was followed by a one-way ANOVA (using group as the main factor), completed by the post hoc Scheffe's test to allow adequate multiple comparisons between groups. Differences in time course of effect between groups was assessed as described above (two-way ANOVA; 6-OH DA ϫ m-C PP) on each 10 min data point for the 60 min period analysis. A separate one-way ANOVA followed by the post hoc Dunnett's test was performed to determine the effect of the various doses of m-C PP locally administered into the subthalamic nucleus of shamlesioned animals.
Results for Fos immunohistochemistry experiments are expressed as the mean Ϯ SEM of immunoreactive cells per square millimeter for each structure. Data obtained in the side ipsilateral and contralateral to the lesion were separately analyzed by a two-way ANOVA (6-OH DA ϫ m-C PP), as described above. A one-way ANOVA was subsequently done to determine whether m-C PP and 6-OH DA lesion affected Fos expression by themselves in the various brain regions examined. All statistical analyses were done with StatView 5.0 (SAS Institute Inc., C ary, NC). In all cases, the threshold for significance was p Ͻ 0.05.
RESULTS

Lesion of DA neurons
The extent of the lesion of DA neurons was assessed by (1) turning behavior after injection of apomorphine (0.05 mg/kg, s.c.) and (2) immunolabeling for TH, the rate limiting step of catecholamine synthesis, in midbrain sections. All animals retained for analysis showed Ͼ100 turns per 30 min in response to apomorphine. In these animals, immunoreactivity for TH was virtually absent on the side of the lesion along the entire rostrocaudal extent of the substantia nigra (Fig. 1) . The loss of neurons in the substantia nigra pars compacta was confirmed histologically with a cresyl violet staining performed on adjacent sections (Delfs et al., 1995) . Immunoreactivity for TH in the ventral tegmental area, a region adjacent to the substantia nigra pars compacta that contains dopaminergic cell bodies innervating cortical and limbic regions, was mostly spared by 6-OHDA in our experimental conditions (data not shown).
Nigrostriatal lesions increase oral movements induced by peripheral administration of m-CPP
The effect of a unilateral lesion of the nigrostriatal DA pathway on the ability of the nonselective 5-HT 2C agonist m-CPP to elicit oral movements is shown in Figure 2 . As reported previously, the systemic administration of m-CPP (1 mg/kg, i.p.) stimulated oral bouts during a 1 hr observation period (76.9 Ϯ 3.4 vs 25.1 Ϯ 4.5 in sham-lesioned animals treated with m-CPP and saline, respectively, mean Ϯ SEM, n ϭ 8). This effect was markedly increased (ϩ119%) in rats with a 6-OHDA-induced lesion (139.3 Ϯ 5 oral bouts per hour, mean Ϯ SEM, n ϭ 6) (two-way ANOVA, treatment ϫ pretreatment, F (1,24) ϭ 49.9, p Ͻ 0.0001]. The lesion did not modify the number of oral movements by itself (25.3 Ϯ 4.8, NS, Scheffe's test, n ϭ 6). Moreover, the lesion of DA neurons did not modify the time course of effect of m-CPP on oral movements. Indeed, the time peak of effect was reached 30 min after the injection of m-CPP in both sham-and 6-OHDA-lesioned rats, and values slowly decreased to almost control values at the end of the experiment (data not shown). Of note, m-CPP did not induce any turning behavior in dopamine-depleted rats. Role of subthalamic neurons in the increase in m-CPP-induced oral movements in rats with a dopaminergic lesion The effect of a unilateral injection of m-CPP (0, 0.2, 0.5, and 1 g) into the subthalamic nucleus on oral movements in sham-and 6-OHDA-treated rats is shown in Figure 3 . As reported previously for animals without lesions (Eberle-Wang et al., 1996) , m-CPP, locally administered into the nucleus at 0.5, 1, and 0.2 g/100 nl significantly enhanced the incidence of oral movements (one-way ANOVA, dose as the main factor, F (3,24) ϭ 11.9, p Ͻ 0.0001; n ϭ 6 -8). The maximal effect was obtained after the administration of the lowest dose (74 Ϯ 7.9 oral bouts, mean Ϯ SEM, p Ͻ 0.01, Dunnett's test) (Fig. 3) . After the injection of 0.5 and 1 g of m-CPP, the time peak of effect was observed after 30 min, and values returned to saline control levels 50 min after the injection of the drug. In contrast, the effect induced by 0.2 g of m-CPP was almost stable during the period of measurement and even slightly increased with time (data not shown).
The lesion of dopaminergic neurons did not modify oral movements induced by m-CPP locally administered into the subthalamic nucleus, regardless of the dose administered (two-way ANOVA, treatment ϫ pretreatment, F (3,44) ϭ 1.78, n ϭ 8 rats, NS) (Fig. 3) . Also, the time course of the effect induced by m-CPP was not different in 6-OHDA-treated rats than in rats with a sham lesion (data not shown).
The histological analysis did not reveal differences in subthalamic nucleus injection sites between sham-and 6-OHDA-treated rats. Indeed, the majority (six of eight for both sham-and 6-OHDA-treated rats) of tracks left by cannulas were located in the central part of the subthalamic nucleus (corresponding to plates 35-36 with respect to Paxinos and Watson, 1986) . Three tracks were rostrolateral, whereas one was extremely caudal (in a 6-OHDA-treated rat). As noted previously (Eberle-Wang et al., 1996) , implantations localized outside the subthalamic nucleus (removed from the statistical analysis of the data) corresponded to animals that did not develop oral movements after subthalamic injection of m-CPP (data not shown).
Effect of m-CPP on Fos expression in the basal ganglia of rats with sham and 6-OHDA lesions
Striatum
As reported previously for the indirect serotonergic agonist fenfluramine (Rouillard et al., 1996) , immunoreactivity for Fos was heterogeneous in the striatum after injections of saline or m-CPP, with the medial striatum containing more labeled cells than the lateral striatum. Therefore, the density of Fos-positive nuclei was analyzed in four quadrants delimiting the dorsolateral, ventrolateral, dorsomedial, and ventromedial striatum (Rouillard et al., 1996 ; see Materials and Methods).
In the dorsomedial striatum, the number of Fos-immunoreactive nuclei (51.7 Ϯ 14.3 cells/mm 2 on the left side, mean Ϯ SEM, n ϭ 7 sham-lesioned and vehicle-injected rats) increased to 518 Ϯ 74 cells/mm 2 after m-CPP administration (n ϭ 8) (Fig. 4) . The immunoreactive neurons were organized in clusters of irregular shape and size. The density of Fos-immunoreactive cells after m-CPP administration was strongly reduced (Ϫ80%, n ϭ 6) by a lesion of nigrostriatal dopaminergic neurons on the same side (two-way ANOVA, treatment ϫ pretreatment, F (1,23) ϭ 16.4, p Ͻ 0.0005) (Figs. 4, 5A-C) . The lesion of dopaminergic neurons by itself did not significantly modify the control levels of Fos (76 Ϯ 14.8, Scheffe's test, n ϭ 6). Moreover, on the intact side, the ability of m-CPP to induce Fos immunoreactivity in the dorsomedial striatum (474 Ϯ 78 vs 51 Ϯ 7.2 cells/mm 2 in sham-lesioned animals receiving m-CPP and saline, respectively, n ϭ 8 -7) was not significantly modified in 6-OHDA-lesioned rats (421 Ϯ 98 cells/mm 2 , mean Ϯ SEM, n ϭ 6) (two-way ANOVA, treatment ϫ pretreatment, F (1,23) ϭ 0.63, NS, n ϭ 6 -8).
A similar pattern of response to m-CPP administration was observed in the ventromedial striatum. Indeed, m-CPP induced an increase of Fos immunoreactivity (300 Ϯ 40 cells/mm 2 , n ϭ 8), and this effect was significantly reduced (Ϫ50%, n ϭ 5) on the side of the lesion in dopamine-depleted rats (two-way ANOVA, treatment ϫ pretreatment, F (1,22) ϭ 5.3, p Ͻ 0.05, n ϭ 5-8). A similar enhancement of m-CPP-induced Fos expression was seen in the ventromedial striatum on the side contralateral to the lesion and was not affected by the lesion of dopaminergic neurons (two-way ANOVA, treatment ϫ pretreatment, F (1, 22) ϭ 0.002, NS, n ϭ 5-8).
In the left dorsolateral striatum, m-CPP significantly enhanced Fos expression (89 Ϯ 18 vs 4.3 Ϯ 1.2 cells/mm 2 in sham-lesioned rats treated with m-CPP and saline, respectively; n ϭ 7-8), an effect that was not modified by the lesion of DA neurons (two-way ANOVA, treatment ϫ pretreatment, F (1,23) ϭ 1.5, NS, n ϭ 6 -8). Similar results were observed on the side contralateral to the lesion (two-way ANOVA, treatment ϫ pretreatment, F (1,22) ϭ 0.9, NS). Similarly, the increase in Fos immunoreactivity induced by m-CPP in the ventrolateral striatum of rats with a sham lesion (m-CPP, 71 Ϯ 14 and 53 Ϯ 19 immunoreactive cells/mm 2 vs saline, 2.6 Ϯ 0.8 and 2.4 Ϯ 0.4 immunoreactive cells/mm 2 in left and right sides, respectively) was not modified by the lesion of DA neurons (two-way ANOVA, treatment ϫ pretreatment, F (1,23) ϭ 0.03, NS, and F (1,23) ϭ 0.005, NS, respectively, n ϭ 6 -8).
Globus pallidus
Very few Fos-immunoreactive cells were found in the globus pallidus (equivalent to the external pallidum of primates) of saline-treated rats with sham lesions (n ϭ 7) (Fig. 6) . Moreover, despite a trend to increase, m-CPP did not significantly modify Fos expression (Scheffe's test). 6-OHDA-induced lesion did not affect this outcome (two-way ANOVA, treatment ϫ pretreatment, F (1,22) ϭ 0.013, NS, n ϭ 6 -7). The lesion of dopaminergic neurons by itself did not significantly modify basal Fos immunoreactivity (Scheffe's test). Also, no significant difference was observed on the intact side after m-CPP injection in rats with or without a lesion of dopaminergic neurons (two-way ANOVA, treatment ϫ pretreatment, F (1,22) ϭ 0.9, NS, n ϭ 6 -7).
Subthalamic nucleus
An average of 19 Ϯ 7 and 20 Ϯ 12 labeled cells/mm 2 (mean Ϯ SEM, n ϭ 7) was observed in the left and right subthalamic nucleus, respectively, of animals with sham lesions and treated with saline. The dopaminergic lesion by itself did not significantly modify Fos immunoreactivity (Scheffe's test, n ϭ 6). m-CPP significantly increased Fos expression in the subthalamic nucleus on both sides in rats with sham lesions (68 Ϯ 5 and 68 Ϯ 10 in the left and right sides, p Ͻ 0.01 and p Ͻ 0.05, respectively, Scheffe's test after one-way ANOVA, n ϭ 8) (Fig. 6 ). This effect was not affected by the lesion of dopaminergic neurons regardless of the side considered (two-way ANOVA, treatment ϫ pretreatment, F (1,23) ϭ 0.03, NS, and F (1,23) ϭ 1.2, NS, in the left and right side, respectively).
Entopeduncular nucleus
Despite a trend to increase the number of Fos-positive cells (9.8 Ϯ 2.8 vs 3.4 Ϯ 1.2 in m-CPP-and saline-treated rats, respectively, n ϭ 8 -7) (Fig. 6) , m-CPP did not significantly modify basal Fos expression in the left entopeduncular nucleus in rats with sham lesions (Scheffe's test). However, m-CPP markedly increased Fos-positive cells in rats with 6-OHDA lesions (41 Ϯ 9.7 immunoreactive cells/mm 2 , n ϭ 6) (two-way ANOVA, treatment ϫ pretreatment, F (1,23) ϭ 8.5, p Ͻ 0.01). Immunoreactive cells were mainly localized in the middle of the rostrocaudal extent of the region and tended to occupy the lateral part of the entopeduncular nucleus. The lesion by itself did not significantly affect basal Fos expression (7.4 Ϯ 1.4, Scheffe's test, n ϭ 6). The slight increase in Fos immunoreactivity elicited by m-CPP in sham-lesioned rats reached significance on the side contralateral to the lesion (3.16 Ϯ 1.2 vs 14.1 Ϯ 2.6, p Ͻ 0.05, Scheffe's test, n ϭ 7-8) (Fig. 6) but not in lesioned side (4.5 Ϯ 1.2 vs 10.4 Ϯ 2.3, NS, n ϭ 7-8), and the lesion did not significantly alter m-CPP effects on that side (two-way ANOVA, treatment ϫ pretreatment, F (1,23) ϭ 1.98, NS, n ϭ 6 -8).
Substantia nigra
As reported previously (Whirtshafter and Asin, 1995; Sgambato et al., 1997) , very few Fos-immunoreactive cells were found along the rostrocaudal extent of the substantia nigra pars reticulata in saline-treated rats with a sham lesion. The moderate effects of m-CPP on Fos immunoreactivity did not reach significance (Scheffe's test) (Fig. 6 ) and were not affected by the 6-OHDA lesion (two-way ANOVA, treatment ϫ pretreatment, F (1, 24) ϭ 0.057, and F (1,24) ϭ 0.876, n ϭ 6 -8, NS, on the left and right sides, respectively).
DISCUSSION
The results of this study reveal that the unilateral destruction of nigrostriatal DA neurons in adult rats alters in vivo responses to a peripheral administration of the 5-HT agonist m-CPP in the basal ganglia.
Increased m-CPP-induced oral dyskinesia after nigrostriatal lesions
As reported previously, peripheral administration of m-CPP induced an increase in oral movements (Stewart et al., 1989; Eberle-Wang et al., 1996) . Based on previous pharmacological studies, the dose of 1 mg/kg m-CPP used in this study induces almost half of the maximal effect of m-CPP on oral movements Eberle-Wang et al., 1996) . A common property of 5-HT antagonists that reduce this effect is the ability to block 5-HT 2C but not 5-HT 2A or 5-HT 1B receptors Eberle-Wang et al., 1996) . In addition, 5-HT agonists at 5-HT 1A or/and 5-HT 1B receptors do not induce oral movements (Stewart et al., 1989; . Together, these data indicate that oral movements elicited by m-CPP are likely mediated by 5-HT 2C receptors.
The ability of m-CPP to induce oral movements was dramatically enhanced by a unilateral lesion of nigral dopaminergic neurons. This observation extends previous evidence that chronic impairment of nigrostriatal DA transmission facilitates m-CPPinduced oral movements. Indeed, bilateral lesions of dopaminer- gic neurons in neonatal rats increased m-CPP-induced oral movements in adults , and chronic administration of the dopamine antagonist haloperidol potentiated m-CPP-induced oral movements (Schutz et al., 1998) .
We have shown previously that inf usion of the 5-HT 2C receptor antagonists mesulergine or SDZ SER082 into both subthalamic nuclei reduced dyskinesia induced by the peripheral administration of m-C PP, indicating that this effect involved the subthalamic nucleus (Eberle-Wang et al., 1996) . However, subthalamic 5-HT 2C receptors were not directly responsible for the increase in oral dyskinesia observed after peripheral m-C PP administration in 6-OH DA-lesioned rats. Indeed, the effect of local administration of the drug into the subthalamic nucleus was not increased after lesion. Furthermore, the ability of m-C PP to induce Fos expression in subthalamic neurons was not modified in rats with a 6-OH DAinduced lesion. Together, these data suggest that other sites are involved in the increased behavioral response to m-C PP after dopaminergic lesions.
m-CPP-induced Fos expression in the striatum
Our finding that m-CPP (1 mg/kg, i.p.) enhances Fos expression in the striatum agrees with evidence that m-CPP modulates striatal cells activity (El Mansari et al., 1994) and with previous data showing an increase in the number of Fos-immunoreactive striatal cells after higher doses (5 mg/kg) of the same drug (Cook and Wirtshafter, 1995) . The 5-HT 1B/2C agonists m-trifluoromethylphenylpiperazine and RU-24969, the 5-HT 2A /2C agonist 2,5-dimethoxy-4-iodoamphetamine or the 5-HT releasers fenfluramine and p-chloroamphetamine have also been shown to enhance the number of Fos-immunoreactive cells in the striatum (Leslie et al., 1993; Moorman and Leslie, 1996; Rouillard et al., 1996; Cook and Whirtshafter, 1998) .
Interestingly, striatal Fos expression induced by m-CPP was reduced by the lesion of nigrostriatal DA neurons in the dorsomedial and ventromedial quadrants. The smaller effect of dopaminergic lesion observed in the ventromedial compared with the dorsomedial region could be attributable to the sparing of the DA input from the ventral tegmental area (Gerfen et al., 1987) in our experimental conditions. Fenfluramine-induced increase in Fosimmunoreactive cells was also reduced in the striatum by a lesion of DA neurons and by the DA-D 1 antagonist SCH-23390 (Rouillard et al., 1996) . In the case of fenfluramine, it is possible that the lesion exerted its effect by preventing an increase in striatal DA release (De Deurwaerdère et al., 1995) . However, such mechanism is unlikely to play a role after m-CPP injections because this drug does not affect striatal DA release at the dose used in this study (Di Giovanni et al., 2000) .
Our results and that of these previous studies clearly indicate that the ability of m-CPP to induce Fos in the striatum is, at least in part, dependent on the tonic control exerted by DA on striatal neurons. Whereas 5-HT 2C receptor stimulation has been clearly shown to account for oral movements induced by m-CPP in rats with or without neonatal dopaminergic lesions Eberle-Wang et al., 1996) , the ability of 5 mg/kg m-CPP to enhance the number of Fos-immunoreactive cells in the striatum was not reduced by the 5-HT 2A /2C antagonist ritanserin (Cook and Whirtshafter, 1995) . Despite the high dose used by these authors, likely recruiting several mechanisms (Kahn and Wetzler, 1991; Eriksson et al., 1999) , it is possible that Fos expression after m-CPP administration is not solely mediated by 5-HT 2C receptors. In the absence of selective 5-HT 2C agonists and antagonists, extensive pharmacological characterizations will be necessary to identify the 5-HT receptors involved in this effect. Whatever the receptor(s) involved, the altered effect of m-CPP in dopamine-depleted rats could be attributable to a change either in the receptors themselves or in signal transduction mechanisms linking the receptor to Fos expression. Of note, striatal 5-HT 2C receptor mRNA levels were not modified in adult rats with a lesion of the nigrostriatal dopaminergic neurons (Numan et al., 1995) .
Alterations in m-CPP-induced Fos expression in the entopeduncular nucleus after dopaminergic lesions
The only other region of the basal ganglia that showed a difference in m-CPP-induced Fos expression after nigrostriatal lesion is the entopeduncular nucleus. The mechanism of the marked increase in Fos induction observed in this region after nigrostriatal lesions is unclear. In primates, dopaminergic lesions increase the firing rate of neurons of the internal pallidum, a region equivalent to the entopeduncular nucleus, and modify their firing pattern (DeLong, 1990; Brotchie et al., 1991; Boraud et al., 1998) . 
